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1 
INTRODUCTION 
Materials are often subjected to temperature and stress conditions 
where plastic deformation can occur. There are many technological areas 
where plastic deformation may limit the life or change the performance 
of high temperature in-service components. Because ceramic materials 
possess properties uniquely suited to their use in high temperature environ­
ments, the plastic deformation of ceramic materials has necessarily become 
an important area of basic and applied material research. 
The importance of applied material research from a commercial or 
practical point of view is self-evident. Basic research into ceramic 
material properties has special importance. First of all, mechanical prop­
erty data, generated in relatively simple laboratory systems, is indispen­
sable in quantitatively assessing deformation behavior encountered in more 
complex in-service systems. Second, because ceramic materials represent 
a broader spectrum of crystallographic character than do metals, fundamental 
probes into their mechanical behavior yield a more detailed understanding 
of deformation mechanisties. 
The present investigation of the compressive creep behavior of cobalt 
monoxide seeks to serve the important functions of a basic research study 
as described above. This investigation seeks also to resolve the discrep­
ancies in the results of previous compressive creep studies of cobalt 
monoxide and in the process, to propose minimum experimental and analytical 
requirements for a valid interpretation of creep data both in cobalt 
monoxide and in related creep systems. 
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LITERATURE REVIEW 
Theoretical Background 
When a force is applied to a solid body, the body will respond to 
that force, and a fundamental description of its mechanical response con­
sists of a relation between stress and strain. Below the yield stress, 
the body will respond elastically and stress and strain can, ideally, be 
s imply related. Above the yield stress, the material will fail by fracture 
or respond plastically. If fracture does not occur, stress and strain can 
again, ideally, be simply related. However, just as anelastic effects are 
always present in the nominally elastic region, time dependent structural 
changes always occur in the nominally plastic region. Time-dependent 
plastic deformation at a constant stress is called creep. 
Creep strain (e) is dependent on temperature (T), stress (a), time (t), 
and structure (S), i.e., 
e = f(T, CT, t, S) (1) 
The structure term (S) includes ail macrostructural and microstructural 
details of the given material such as grain size, defect structure, porosity, 
crystal structure, modulus of elasticity, and stacking fault energy. 
Laboratory creep data is given in the form of a creep curve which 
graphically represents the functional relationship between creep strain 
and time. The strain-time response of many materials under compressive 
creep conditions is shown in Figure i. Following an initial elastic response, 
three stages may be observed: 1) an incubation stage where the creep rate c 
decreases slowly to a constant value and then increase slowly to a maximum. 
STEADY-STATE PRIMARY INCUBATION 
2 
I  f, 
TIME (t) 
Figure 1. General form of compressive sigmoidal creep curve. 
Characteristic notation is indicated. 
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2) a primary stage of decreasing strain rate, and 3) a steady-state region 
where strain rate becomes time independent. At lower temperatures and 
stresses, the incubation stage predominates and no strain rate inflection 
is approached. At higher temperatures and stresses, the incubation stage 
disappears and c moves rapidly through the primary stage into steady-state. 
At very high temperatures and stresses, a final stage called tertiary creep 
may appear where ç again increases followed by failure. Polycrystal1ine 
materials usually exhibit the last three stages and single crystals usually 
exhibit the first three stages. 
Several physical models derived from dislocation mechanics have been 
proposed to explain creep deformation as represented by a multi-stage creep 
curve.These models are usually based on the kinematic relation between 
strain rate, mob 11 dislocation density (p), and dislocation velocity (v) 
€ = bvp (2) 
where b is the Burgers vector. If th^ 31= ain dependence and/or time depend­
ence of v and p can-be determined, equation 2 can be integrated yielding 
a general creep equation. 
Unified creep equations as represented by equations 1 or 2 have not 
been extensively used in empirical creep studies, instead, certain portions 
of the creep curve are usually studied and characterized. The point of 
inflection where mobile dislocation density is a maximum, and the steady-
state portion where mob il dislocation density is a constant (see Figure 1) 
have both been found useful in establishing desired experimental correlations. 
The fundamental objective of most creep studies is to identify the 
physical mechanisms responsible for creep deformation. This objective has 
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been most fruitfully pursued by establishing experimental correlations 
between the parameters which influence creep deformation, viz., temperature, 
stress, and structure, and the experimentally monitored creep response 
itself. 
It has been firmly established that creep of crystalline solids results 
( 2 )  
from the thermally activated motion of point and line defects.^ ' Conse­
quently, the temperature dependence of creep has been described by an 
Arhenius type expression 
i  = SA.exp(-AUj/RT) = f (a,S)exp(-A H /RT) (3) Î I I c 
A is the experimentally observed activation energy for creep and AU. 
is the activation energy for the i-th atomic mechanism contributing to 
the observed creep rate. A. is a constant describing structure and stress 
effects for the i-th mechanism. The interdependence and relative contribution 
of the various atomic mechanisms determines what experimental correlations can 
be established between A and AU.. Direct structural observation ulti­
mately determines which correlation is correct. 
At creep temperatures above about one-half the melting temperature, 
e x p e r i m e n t a l  c o r r e l a t i o n s  c a n  f r e q u e n t l y  b e  e s t a b l i s h e d  b e t w e e n  A a n d  
the activation energy for self-diffusion A H^ of one of the atomic species. 
Various empirical functions have been suggested relating steady-state 
(and inflection) strain rates to stress. The function most frequently used is 
C = f(T, S)c" (4) 
where (n) is essentially constant over a wide range of stress and temperature. 
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Combining equations 3 and 4 yields the commonly used constitutive equation 
for diffusion-controlled dislocation creep. 
e = f (S)a""exp(-A H^/RT) (5) 
Equation 5 is not wholly consistent with the fact that the driving force 
for thermally activated creep is a chemical potential gradient resulting 
from an externally or internally induced stress. Nor does equation 5 
reflect the influence of the shear modulus or its temperature variation. 
Modifications can thus be made in equation 5 and these refinements are 
important when attempting to compare and systematize the data of many 
different creep systems. A modified equation 5 might be written as 
( = A(a/G)" ^  (6) 
where G is the shear modulus, D is the diffusivity, and b is the Burgers 
(2 )  
vector. ^ Such modifications, however, will not significantly alter the 
stress and temperature dependencies of characteristic strain rates as 
described by equation 5. 
Equation 5 is the constitutive equation for diffusion-controlled 
dislocation creep and can therefore be related to creep mechanisms such 
as diffusion-controlled glide and/or climb of dislocations. 
At higher temperatures but at lower stresses than those normally 
associated with diffusion-controlled dislocation creep, creep deformation 
may occur in polycrystal1ine materials by diffusional flow of single atoms. 
This mode of behavior is called Newtonian-viscous creep. Newtonian-viscous 
creep is described by its own constitutive equation 
V 
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where Q is the atomic volume, d is the grain size, is the volume diffusion 
coefficient, is the boundary diffusion coefficient, and 6 is the effective 
grain boundary cross section for diffusional t ransport.Equation 7 
further simplifies if bulk transport (Nabarro-Herring creep) or grain 
boundary transport (Coble creep) dominates. 
As the temperature is lowered to the point where diffusion-controlled 
creep mechanisms cease to govern, dislocation glide mechanisms become more 
Important. Dislocation glide may be rate-limited by the presence of obsta­
cles to slip or by the lattice resistance of the Peierls potential. Another 
constitutive equation can be developed to describe obstacle-controlled glide 
Ç = Ç^exp - ba a & (8) 
where is the athermal part of the flow stress, (a) is the activation 
area, and S Is the flow stress at absolute zero and is equal to Gb/L where 
G :s the shear modulus and L is the obstacle spacing. !f the Peierls 
potential rate-limits the glide motion, a constitutive equation of the form 
€ = c^exp - ~ (9) 
may be descriptive where (u) is function of the flow stress at absolute 
zero, the applied stress, and the energy of formation of a kink palr. 
At sufficiently high stresses, a crystal free of defects can deform 
plastically If its theoretical shear stress is exceeded. This mode of 
behavior is again described by its own constitutive equation 
TH 
€ = ® a  ^  o  
}  (10 )  
TH 
€ = o a < a 
TH 
where a corresponds to the theoretical shear strength. 
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The general form of a constitutive equation for a specific mode of 
plastic deformation can be arrived at by theoretical considerations alone. 
These derivations are not always convincing, but extensive experimental 
documentation can be presented for all of them. Experimental support for 
a particular constitutive equation thus implies, to a high degree of 
certainty, the operation of a particular mode of plastic behavior. 
Physical Properties of CoO 
Extensive experimental work has been conducted on both single-crystal 
and polycrystal1ine cobalt monoxide. To more fully understand and inter­
pret the compressive creep properties of CoO, it is useful to review 
previous investigations of its stoichiometry, of its diffusion properties, 
of its sintering and mass transport properties, and of its high temperature 
mechanical properties. It is also useful to examine how constitutive 
equations and deformation maps can aid in establishing experimental corre-
: at Ions for plastic behavior In a given stress-temperature regime. 
Structural Background 
Cobalt monoxide, like several of the other transition metal oxides, 
has the sodium chloride structure. This atomic arrangement is consistent 
With the radius ratio of the ions involved (ionic radii of the Co^ and 
o o 
0 ions are 0.74 A and 1.4 A respectively) and with the electronegativity 
difference of the cobalt and oxygen atoms. Other fundamental descriptive 
data would necessarily include: 1) significant covalent bonding character, 
o 
perhaps greater than 50%, 2) a lattice parameter of 4.26 A, 3) specific 
gravity of 6.45 gm/cc, 4) greenish-brown color, and 5) a melting temperature 
of 1935°C. 
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Except for its decomposition pressure which ranges from P(02) = 
10 ^^atm at 940°C to P(02) = 10 ^ atm at 1440°C^ cobalt monoxide is non-
stoichiometric in the direction of cation deficiency and is more accurately 
written as Co^_^0.This cation deficiency is usually regarded as equiva­
lent to the formation of cation vacancy type defects. 
The deviation from stoichiometry of Co^_^0 as a function of temperature 
and oxygen partial pressure has been extensively studied by Fisher and 
TannhauserJand Eror and Wagner.Figure 2 is a graphical suiranary 
of the results of Fisher and Tannhauser. These studies show that (x) is 
proportional to P(02)at the higher oxygen pressures and to P(02) 
at the lower oxygen pressures, and suggest that the dominant lattice defects 
are singly ionized and doubly ionized metal vacancies respectively. 
Cobalt monoxide has the sodium chloride structure and therefore can 
be clinographically represented by a cubic unit cell where each ion is 
c t • »•/>• I K\/ CÎV # />r>c A r» +» # cl»r> c\'C 4-amc î m 
predictably show a preference for high atom density slip planes and directions. 
They also show a preference for slip planes and directions that do not enjoin 
juxtaposition of like-charge ions during plastic flow. The primary slip 
systems in CoO, therefore, would be expected to be {llO} <lTo) and {OOl} <]To>. 
Experimental Correlations for CoO 
Numerous experimental studies have been conducted to quantitatively 
examine various physical properties of CoO. it is appropriate to extract 
from previous investigations data that might relate to the creep properties 
of CoO. 
At temperatures near or above about one-haif the melting temperature 
of a given material, it has been firmly established that creep deformation 
10 
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results from the stress-directed thermally activated migration of point 
defects. Since the crystal!inity of a material is preserved during 
plastic flow, the slower moving atomic specie will necessarily rate-limit 
the flow process. 
Table 1 is a summary of previous investigations designed to monitor, 
directly, or indirectly the motion of atoms in CoO, All diffusion coeffi­
cients, except those written as D, are self-diffusion coefficients. D 
is the symbol for chemical diffusion coefficient and may be related to a 
corresponding self-diffusion coefficient by 
where f is the correlation coefficient, X is the vacancy fraction, and r is 
(14) 
the state of ionization of the vacancy. As the table indicates, 
{14') 
Wimmer et al. calculated a self-diffusion coefficient for Co in CoO 
from their chemIca1 diffusion data and produced a value consistent with 
the direct determinations of Carter and Richardson,and Chen et al.^ 
The oxygen self-diffusion studies are not in good agreement. The 
generally accepted explanation Is that Thompson^^^^ actually measured grain 
(12) 
boundary enhanced oxygen diffusion rather than oxygen volume diffusion.^ 
If the results of Chen and Jackson,^""' and Holt, ^ are accepted 
for single-crystal CoO, then the important conclusion to be made from Table I 
is that oxygen volume self-diffusion is several orders of magnitude slower 
than that of cobalt volume self-diffusion at the same temperature and oxygen 
partial pressure. 
Tabla 2 is a summary of the important investigations that have been 
conducted on the mass transport and plastic flow properties of CoO. 
Table 1. Summary of diffusion studies performed on single-crystal cobalt monoxide 
INVESTIGATOR and 
TECHNIQUE 
TEMPERATURE 
T°C 
P(02) 
ATM 
Carter and Richardson (9) 
Co 60 tracer diffusion 
Chen et al. (10) 
Co 60 tracer diffusion 
Thompson® (11) 
0 18 gas exchange 
Chen and Jackson (12) 
0 18 gas exchange 
Holt (13) 
0 18 proton activation 
Wimmer et al. (l4) 
gravimetrIc 
Price and Wagner, in Kofstad (6) 
electrical conductivity 
Meurer, In Wimmer et al. (14) 
tens Ivolumetric 
Crow (15) 
1000 - 1350 
963 - 1638 
900 - 1000 
1175 - 1560 
1400 
941 
1000 
1255 
1255 
10 
I 
0 . 2 1  
0.13 
0.21  
0.17 
5 _ 
0.21 
lO"^ - 1 
DIFFUSION COEFFICIENT 
CM V SEC 
2.15(10"^)exp("34,500/RT) 
dJo= 5(10"^)exp(-38,390/RT) 
Dq = 5.9(IO"^)exp(-36,000/RT) 
Dq = 50exp(-95,000/RT) 
Dq = 2(10"^') 
Dj,^= 4.8(10"^)exp('.22,500/RT) 
dJ^= 2.8(10"^)exp(--31,000/RT) 
Dco= 4.3(10"^)exp("24,000/RT) 
Dco= 4.4(10"^)exp(-24,000/RT) 
Dg^= D^exp(--35,900/RT) 
t = tracer, Co = cobalt, 0 = oxygen, D = f X D/(l + r) 
to 
Polycrystal1i ne. 
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The mass transport studies are represented by the last four entries 
in the table. The results of these studies suggest that boundary mass 
transport phenomena in CoO is rate-limited by cation diffusion^ or it is 
rate-limited by boundary enhanced anion diffusion. Either mechanism is 
consistant with the data presented in Table 1. 
The first three entries in Table 2 represent the major creep studies 
thus far conducted on CoO. A comparative outline of the important conclu­
sions of these three studies follows. 
1. Under the given creep conditions^ plastic flow in CoO occurs 
by diffusion-controlled dislocation motion. Strain rate stress 
dependencies indicate that a dislocation glide or climb mechanism 
may control. 
2. Plastic flow in CoO is rate-limited by oxygen diffusion. 
a) Strafford and Gartside^^^^ postulate that grain-boundary 
enhanced oxygen diffusion is rate-liini£Ing In polycrys-
tal1ine CoO. 
b) Clauer et al.postulate that oxygen interstitial 
volume diffusion is rate-limiting in single-crystal CoO. 
c) Krishnamachari and Jonespostulate that sub-boundary 
enhanced oxygen diffusion is rate limiting in single-
crystal CoO. 
3- Plastic flow is enhanced as Co,__^0 deviates further from stoichiometry. 
a) Creep results of Strafford and Qartside indicate that 
steady-state strain rate is proportional to 
n l , r  
P(0^ )"'^  . A may decrease as (x) increases. 
Table 2. Summary of creep and mass transport studies performed on cobalt monoxide 
INVESTIGATOR 
and SYSTEM 
TEgP LOAD 
and/or 
STRESS(PS I) 
Strafford and Gartside (16) 
3-point bending, poly-
crystalUno, constant load 
Clauer et ai. (17) 
uniaxial compression, single 
crystal, a-axI s = (100) 
925-1050 !J0-80 gm 
1000-1200 8!J0-1700 
Krishnamacharl and Jones (18) 950-1100 1500-3000 
uniaxial compression, single 
crystal, caxls = (100) 
Malya at a1. (19) 
surface grain boundary mass 
transport kinetics 
Kumar and Johnson (20) 
sintering of CoO spheres 
Kumar and Johnson (21) 
sintering of CoO 
Urick and Not I s (22) 
pressure sintering of CoO 
1084-1408 
975-1300 
1200-1400 
950-1100 6000-11750 
P(02) 
ATM 
RESULTS 
10"^-1 
lO'^-l 
0.21 
10"^° 
0 .21  
0 . 2 1 - 1  
-4 
10 -0 .21 
A H -  4 6 ± 5  k c a l / m o l  
n^ := 2.3 
A H "  8 7 ± 6  t o  1 0 0 ± 1 6  k c a l / m o l  
n := 7.1±0.1 
A H -  6 6 . 6 ± 5 . 4  k c a l / m o l  
n^ := 4.6±0.6 
A H -  4 0 . 6 ± 2 . 4  k c a l / m o l  
n^ := 3.3±0.4 
A H -  3 8 . 4 ± 2 . 1  k c a l / m o l  
m 
Do < 
Go < ^  
AH - 39«6 kcal/mol 
n"^ := 3.31 to 4.81 
creep; m = mass transport 
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4. Krishnamachari and Jones propose that at very high strains, 
sub-bounda'-y enhanced oxygen diffusion is sufficient to shift 
the rate-îimiting process to cobalt volume diffusion. 
The creep studies shown in Table 2 are not in good agreement. The 
lack of agreement between the work of Clauer et al. and Krishnamachari and 
Jones is particularly noticeable because both studies were performed on 
the same creep system. 
At temperatures where creep is governed by diffusion-controlled 
processes, constitutive equations usually present the stress dependency 
of a characteristic strain rate as a stress power function, i.e., stress 
raised to a power. Equations 5, 6, and 7 are examples of this power 
relationship. 
The stress exponent (n) is an empirical parameter, and according to 
(23) 
Weertman, describes the competing effects of the internal elastic 
stress that causes line defects (and point defects) to move and the chemical 
stress that tries to maintain an equilibrium point defect concentration. 
Table 3 presents a summary of the correlations that have been theoret­
ically and experimentally established between the stress exponent (n) and 
possible creep mechanisms. The correlations are general and can therefore 
be applied to general creep systems. 
Tables 1, 2, and 3 provide a useful body of background data 
with which to describe and interpret the plastic flow behavior of CoO. 
!f the temperature dependence and the stress dependence of creep deformation 
in CoO can be accurately determined, then the details of the creep process 
will be better understood. Other experimental correlations may be useful 
in assessing the details of the creep process. If necessary, these will be 
Table 3« Stress exponent (n) and associated creep mechanisms 
REFERENCE (n) PROPOSED MECHANISM 
Nabarro and Herring (24,25) 
Coble (26) 
Weertman (23,27) 
Mott (28) 
Nabarro (29) 
Nabarro (29) 
Weertman (30) 
1 
5 
5 
3 
5 
3 
lattice diffusion 
boundary enhanced diffusion 
dislocation glide and climb 
nonconservatlve motion of jogged 
screw dislocation;: 
climb without glide, dislocations act as 
sources and sinks for vacancies 
climb without glide, dislocation core 
diffusion Is rate controlling 
glide of solute-surrounded charged 
dislocations 
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offered in conjunction with the data analysis. 
Deformation Maps 
If the constitutive equations are known for all the major creep 
deformation mechanisms in a given material, then these equations may be 
graphically combined on a log stress versus temperature plot to give a 
deformation map for that material.^^ The. resultant map consists 
of deformation fields, i.e., strèss-temperature regimes within which 
particular deformation mechanisms are expected to dominate. Deformation 
field boundaries are determined by equating constitutive equations appropriate 
for adjacent fields representing major mechanisms. 
Deformation maps are useful because they permit a "visual" understanding 
of the creep response of a material over a wide range of experimental 
conditions, in addition, once a constitutive equation has been experimentally 
formulated for a localized stress temperature regime, constant strain rate 
contours can be plotted for that regime. Thus if any pair of the three 
variables stress, t^nperature, and strain rata is known, the third variable 
may be predicted, not only within the limited regime: of experimental condi­
tions but also within limited extensions of that regime. 
(22)  
Urick and Notis have constructed a deformation map for poiycrys-
talline CoO. This map, shown in Figure 3; also shows expected boundary 
displacements as grain size increases.Useful comparisons can be made 
between this map and the plot of constitutive equations formulated from 
the creep data of the present investigation. 
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Figure 3. Deformation map of CoO. Increasing grain size d expands 
dislocation creep field and contracts diffusional-flow 
field. 
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EXPERIMENTAL PROCEDURE 
The experimental procedure used in this study will be described in 
three consecutive subsections; 1) Specimen Preparation, 2) Creep Testing 
Apparatus, and 3) Creep Testing Procedure. 
Specimen Preparation 
Growth of CoO Single Crystal Boules 
The starting material for specimen preparation consisted of high 
purity (99.999%) cobalt metal rods, 5 mm in diameter and 15 cm long 
(Atomergic Chemetals Company). Emission spectroscopy impurity analy­
sis of the as-supplied rods, is given in Table 4. 
Table 4. Emission spectroscopy analysis of Co metal rods^ 
Impurity Amount (PPM) 
Si 1icon < 5 
! rori < 2 
Copper < 1 
Aluminim < 1 
Caîci um < 1 
Magnesium < 1 
SiIver < 1 
*Atomergic Chemetals Company. 
The DC-arc-transfer method was used to grow CoO single crystal boules 
from the Co metal rods. Although a detailed description of the DC-arc-
transfer method of crystal growth can be found in the 1iterature'^ 
a general description of the method will be given here. 
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The DC-arc-transfer method of crystal growth consists essentially of 
striking a DC arc between two vertically mounted electrodes. A metal or 
sintered oxide feed rod acts as the cathode. The anode forms the base 
for the growing crystal and can be any suitable electrically conducting 
material. One of the electrodes is usually held stationary while the 
other electrode can be moved in three dimensions to maintain electrode 
alignment and separation. The cathode may be upper or lower with respect 
to the anode giving rise to upward or downward crystal growth respectively. 
The arc discharge between the two electrodes serves both as a source 
of heat and as a means of material transport from the cathode to the 
anode. When the arc is struck, localized heating occurs at the ends of 
both electrodes causing opposing hemispherical molten surfaces to form. 
The two liquid surfaces assume an equilibrium configuration with respect 
to each other based on surface tension and gravity. The arc, stablized 
between the two spherical surfaces, continuously transports cathode 
material across the gap to the advancing anode surface. In an oxidizing 
atmosphere, the anode oxide product forms automatically and does not depend 
on the oxidation state of the cathode material. As the anode molten oxide 
zone advances, the liquid-solid interface of the growing crystal also 
advances by freezing. 
Smith and Austinhave concluded that the mass transfer mechanism 
depends on the formation at the cathode surface of a negatively charged 
oxygen-metal complex. They could not determine the valence state of the 
complex nor could they determine the chemical dependence of the complex 
on the ambient atmosphere. 
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The arc-transfer method of crystal growth has been successfully applied 
to some of the 3d transition metal oxides, notably NiO, CoO, Fe^Oj^, and 
(32) 
Mn^ O^ . I he method has not been found useful for oxides with a high 
resistivity or a high oxygen partial pressure at the temperatures involved 
in the process. 
The arc-transfer method was used to grow all of the CoO single-crystal 
boules used in this investigation. The technical details of the growing 
procedure are outlined below and are also summarized in Figure 4. 
A cobalt rod, acting as the cathode, was vertically mounted and 
aligned in a fixed position with respect to the lower movable anode. This 
electrode configuration was selected to produce upward growing boules. 
The anode was raised into contact with the cathode and electrical power 
was applied. The anode was then lowered to produce the DC arc discharge 
(Figure 4b). The electrode gap was maintained at about 1.5 mm. 
To produce the largest single crystal boules possible, it was 
necessary to optimize the current, if the current was too low, good 
quality crystals were obtained but they were too small to yield enough 
material for subsequent creep specimen preparation. If the current was 
too high, larger boules were obtained but pores (blow-holes) ranging in 
size from 0.05 mm up to about : mm in diameter could then be found randomly 
distributed throughout the boule volume. The higher current boules tended 
also to develope a polycrystallI ne skin, I to 2 mm in thickness, which 
intruded unpredictably into the single-crystal interior. 
A current of 6.5 amperes was found to be optimum for growing good 
quality boules of adequate size. The growth rate and diameter of the 
grown boule depended on the arc current. At 6.5 amperes, boule diameters 
Figure 4. Growth of 99.999% CoO crystals by the DC-arc-transfer 
technique (1.4 X) 
a) Initial electrode configuration. Top electrode is cobalt 
rod, 6 mm in diameter and negative in polarity. Desired 
electrode separation (about 1.5 mm) is illustrated. 
b) Electrodes are joined to complete circuit at 6.5 amperes 
and then separated to produce growth arc. 
c) Growth progress after 10 minutes. Small molten pool of 
CoO is present. 
d) Growth progress after 2 hours. Junction between solid 
crystal and mol ten cap is apparent; 
e) Current decreased slowly to about 1 ampere to attenuate 
arc and the electrodes are then joined. 
f) Cooled crystal, 2.5 cm long and 1 cm in diameter, after 
growth time of 7 hours. 
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varied from 7.5 mm to 9 mm and the observed growth rate was about 3 mm/hour. 
These growth characteristics are consistent with the observations of Smith 
(32) 
and Austin. The current was maintained constant at 6.5 amperes 
immediately after electrode separation (Figure 4b). 
The growing CoO boule was maintained at a uniform temperature of about 
1000°C throughout the growth process from the passage of the arc current. 
After the boule was grown to a final length of 2 to 2.5 cm, it was necessary 
to reduce the arc current slowly to about 1.5 amperes. This minimized 
thermal strains in the grown boule and also minimized polycrystal1ine 
growth in the molten cap after joining the electrodes (Figure 4e). After 
joining the electrodes, the current was slowly reduced to zero, again to 
minimize thermal strains (Figure 4f). 
The crystals successfully grown by the arc-transfer method (NiO, CoO, 
Fe^O^^, and Mn^O^) all tend to show a spontaneous characteristic growth 
(32) _ 
axis." ' !0 achieve a particular boule orientation, it is usually neces­
sary to initiate growth at the anode with a seed crystal of known orien­
tation. A seed crystal was not necessary to initiate growth of the CoO 
boules in this study. The desired growth axis (100) and the spontaneous 
(32) 
growth axis (100) have been found to be the same for CoO. 
Emission spectroscopy analysis was performed on one of the as-grown 
(33) 
CoO boules. Table 5 gives the results of the analysis.^ ^ The reliability 
of the data in Table 5 is not known, it must be concluded, however, that 
the CoO crystals are not of the same purity as the parent Co metal rods 
(99,999%). From the data in Table S, a good estimate of the CoO crystal 
purity might be 99.84%. 
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Table 5. Emission spectroscopy analysis of CoO crystals grown from 
99-999% Co metal rod* 
Impurity Amount (PPM) 
Aluminum 100 
Calcium 100 
I ron 100 
Magnesium 1000 
Manganese 50 
Nickle 100 
S i1Î con 100 
Tin 100 
a 
Ames Laboratory, Ames, 1 Iowa. 
Orientation of the CoO Single Crystal Boules 
The Laue back reflection technique was used to orient the CoO single 
rrvsfal  for inninno oQc^nl-t  1 1 v r%f nr\Q i  1-î#-in Î  nn a 
boule in the path of a white X-ray beam and then recording the back 
reflections with a camera mounted between the X-ray source and the boule. 
The orientation of the boule is established from the diffraction pattern 
(3M 
recorded on the camera film.^ 
Successful use of the Laue back reflection technique required careful 
preparation of each boule. CoO boules grown by the DC-arc method tended 
to form an exterior polycrystal1ine skin during the growth process. To 
obtain a back reflection pattern of the single-crystal interior, it was 
necessary to remove a longitudinal section of the boule exterior parallel 
to the growth axis with a diamond saw. The exposed boule interior was 
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about 45° about the boule growth axis from the first surface. A 2 
lapped smooth on 6OO grit silicon carbide lapping paper and then ultra-
sonically cleaned. Sometimes, a second surface was prepared but rotated 
mm 
thick section normal to the growth axis was also removed from the ends of 
each boule because the as-grown end roughness (see Figure 4f) tended to 
interfere with the orienting procedure. 
The boule was then vertically mounted on a goniometer with three 
rotation axes. The boule was mounted with one of its prepared longitudinal 
surfaces normal to the X-ray beam path. The boule-film separation distance 
was adjusted to 3 cm. A Mo tube operating at 40 KV and 15 MA was the 
X-ray source. 
A satisfactory Laue photograph was obtained after a 5 to 10 minute 
exposure. The spot pattern on the photograph was analyzed with a Greninger 
chart to determine the orientation of a (100) plane with respect to the 
dïrsctîcr. of the primary X-ray bssr,. The spontaneous growth axis of each 
boule never deviated more than 12° from the [100] direction. A satisfactory 
Laue photograph was usually possible from one of the longitudinal surfaces 
prepared on each boule. 
Presaraticn of the Creep Test Specimens 
After the (100) planes of each boule were located by the Laue back 
reflection technique, preparation of the creep test specimens was possible. 
The creep test specimens were prepared in accordance with three geometrical 
requirements: 
1. The length to width ratio of the final creep specimen should be 
about two to one. This ratio has been found to be optimum in 
(34) 
compressive creep studies.^ A larger ratio may allow inhomo-
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geneous deformation along the specimen length. A smaller ratio 
causes increased interaction between loading ram end-effects 
and the deformation behavior in the middle portion of the specimen. 
2. The load axis of the final creep specimen should be coincident 
with the [100] direction and the specimen faces should be (100) 
planes. Two studies^^^'^^^ have suggested that the active slip 
system in single-crystal GoO, when stressed along the [100] 
direction, is { iTo}  (110). The [ iTo]  (110) slip system would be 
expected to operate because a stress in the [100] direction has 
its maximum resolved shear stress component along the (110) 
direction in the {110} plane. Therefore, a more easily characterized 
slip behavior is promoted if the coincidence stress axis and the 
[100] direction is maintained. If the specimen faces are (100) 
planes, the post-creep specimen morphology should also be more 
easily characterized. 
3. The creep specimen should be large enough that its cross-sectional 
microstructure could be considered uniformly the same from one 
specimen to the next. The nominal creep specimen dimensions were 
therefore selected to be 0.080" X 0.080" X 0.160". The specimen 
lengths actually varied from about 0.155" to about 0.170". The 
2:1 length to width ratio, however, was closely maintained. 
Figure 5 is a diagram of a creep specimen prepared according to the 
geometrical requirements specified above. The actual specimen preparation 
involved cutting the oriented CoO boules with a diamond saw along their 
(100) planes into paraîlelpipeds of dimensions 0.100" X 0.100" X 0.200". 
These parallelpipeds were then lapped down to the desired dimensions by 
tXX3 
OïiCO'^  ^
io% °' 
CoO 
ig 
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consecutive polishing on 280, 400, and 600 grit silicon carbide lapping 
paper. Extra care was taken to insure that the end faces were lapped 
parallei. 
Figure 2 indicated that the deviation from stoichiometry of Co^ ^0 
is a function of temperature and oxygen partial pressure. To insure that 
the nonstoichiometry expected to prevail under creep conditions (temperature 
range of 1000°C to 1300°C and PfOg) = 0.21 atm) should be approximated by 
the pre-creep specimen, all the prepared creep specimens were annealed 
for 48 hours at 1350°C and P^Og) = 10 ^ atm and then slowly cooled to 
room temperature in the same atmosphere. 
Creep Testing Apparatus 
A cross sectional diagram of the creep testing apparatus is shown in 
Figure 6. A lever arm with a mechanical advantage equal to 3.00 was used 
to apply the load to the specimen. The upper movable portion of the load 
train was rigidly aligned with the lower loading ram by two linear ball 
bearing bushings and was counter-weighted to a residual load on the specimen 
of 250 grams when no lever load was applied. The load was applied by 
pouring lead shot through a funnel into the load container at the rate 
of 143 grams/sec. This was equivalent to a rate of stress application of 
about 62 psi/sec for a specimen such as shown in Figure 5. The load 
reproducibility was established to be ± 50 grams at the specimen by placing 
a calibrated pressure transducer between the loading rams. 
Six double spiral silicon carbide heating elements were used to heat 
the furnace. A Pt-Pt 10% Rh thermocouple connected to a millivolt poten­
tiometer was used for temperature measurement. The thermocouple vjas 
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Figure 6. Cross sectional diagram of creep testing apparatus. 
31 
placed within one-half inch of the creep specimen during the creep 
experiment. The millivolt output of the thermocouple was also supplied 
to the temperature controller.' The proportional DC current output of the 
temperature controller increased or decreased correctively to drive a 
2 
silicon controlled rectifier power package, which in turn controlled 
the AC power to the heating elements. 
A linear variable differential transformer (LVDT) was used to measure 
the Downward movement of the upper loading ram during a creep experiment. 
3 
The output of the LVDT was supplied to a transducer amplifier the output 
of which controlled the pen deflection of the strip chart recorder to an 
4 
accuracy of ±0.00002". The pen deflection of the chart recorder, after 
calibration of the transducer amplifier, corresponded to the specimen 
deflection in mils. 
Creep Testing Procedure 
Each creep experiment began by first mounting the test specimen on 
the silicon carbide button of the lower loading ram with a small amount of 
Elmers glue. The lower loading ram extension section (see Figure 6) was 
then adjusted if necessary to shift the specimen stress axis into exact 
ccincidence v;:th the upper load train axis. The specimen was brought to 
creep temperature in about 5 hours and then annealed at that temperature 
for 12 hours to insure: 1) uniform thermal history of each specimen, 
^Honeywell R7l6lR. 
2 
Leeds and Northrup. 
^Daytronic 300 D-73. 
4 
Honeywell Electronick 16. 
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2) compositional equilibration of the specimen with its environment, and 
3) thermal equilibration of the creep testing apparatus. The lever arm 
load was then applied and the deflection response of the specimen was 
monitored on the strip chart recorder. After completing the creep experi­
ment, the furnace was shut down and the creep specimen, along with the 
furnace, cooled to room temperature in about 12 hours. The recorded 
deflection data was converted to a strain-time response curve which was 
then characterized according to the features indicated in Figure 1. 
The test specimen area was expected to increase during the course 
of a creep experiment. The area increase results from a barreling of 
the specimen which Is characteristic of compressive creep morphology. 
At constant load, an increase in specimen area results in a continuously 
decreasing stress. A continuously increasing lever load was, therefore, 
necessary to compensate for the continuously increasing specimen area. 
The method of compensation is outlined below: 
1. The initial volume of a general creep specimen was equated to a 
final hypothetical specimen volume consisting of undeformed ends 
and a uniformly deformed central (p) fraction of the initial 
specimen length 
A.L. = (L. - pLj)A. + [U - (L. - pL.)lA, (13) 
where (A) denotes specimen area, (L) denotes specimen length, and 
(i) and (f) denote initial and final respectively. Figure 7 
provides a diagramatic description of the deformation model given 
above. Solving for (p) in equation 13 yields the equation 
D = (L; - Lf)Af (14) 
(A^ - A.)L. 
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a AXIS 
(L - g (A,) 
D = 
a AXIS 
I 
t 
(Af - A.) (L) 
d = SPECIMEN DEFLECTION I LOAD INCREMENT = A I - 1 
Figure 7. Model for maintaining constant creep stress assuming constant 
specimen volume. Semiesipirical parameter p determined to be 
about 0.65 and independent of strain, (a) Before deformation, 
(b) After deformation. 
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2. Previously crept specimens were collected and their initial 
( 18) 
dimensions noted. Their final lengths and areas were measured 
as accurately as possible with a micrometer. The final area 
measurement was taken at the point of maximum barreling. 
3. The initial and final dimensions collected from 12 previously 
crept specimens were substituted into equation 14. The calculated 
(p) values varied from about 0.50 to about 0.70 but tended toward 
a value of 0.65, independent of the specimen strain. 
4. The load increment relationship was then found to be 
PL; 
LOAD INCREMENT = ctA. 
I 
- 1 (15) pL. - d 
! 
where (d) is the specimen deflection and a is the desired creep 
stress. For each experiment, 72 load increments were calculated 
corresponding to one-half mil deflection intervals. 
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RESULTS AND DISCUSSION 
In this section, the basic creep data will first be presented followed 
by a statistical evaluation. Certain microstructural and macrostructural 
features of the CoO material, both crept and uncrept, will then be examined 
followed by a discussion of the results of the entire investigation. 
Presentation of the Creep Data 
The creep curves of almost all the CoO crystals tested were sigmoidal 
(S-shaped). The general form of these curves, therefore, corresponded to 
that shown in Figure 1. Tables 6 and 7 give a quantitative description 
of each individual creep curve in terms of the characteristic notation 
given on Figure 1. 
Not shown in tables 6 and 7 are the results of preliminary creep 
experiments conducted in the initial stages of the investigation. These 
preliminary experiments were conducted to determine the temperature and 
stress ranges over which usable characteristic creep curves could be 
generated in a short period of time (less than 8 hours). They were also 
conducted to determine the feasibility of performing multiple stress and/or 
multiple temperature experiments on the same creep specimen. From the 
results of these experiments, it was decided that a creep specimen would 
be subjected to only one temperature and stress during the course of each 
experiment. This decision will be discussed further later. Also not included 
in tables 6 and 7 are the results of those experiments in which the specimen 
remained in incubation creep for the entire duration of the experiment. 
This happened five times for creep specimens from boules 1 through 5. 
Finally, tables 6 and 7 do not include the results of 7 experiments suspected 
of being compromised by equipment and/or personnel malfunction. 
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Table 6 gives the strain rate measurements at the point of inflection 
dividing the incubation stage and the primary stage of creep. In addition 
to the inflection strain rate table 6 gives the strain (e^) and time 
(tj) at the inflection point, and the intersection of the inflection point 
tangent on the time axis (tp. Some initial observations can be made on 
the data given in table 6. 
1. The strain at which the point of inflection occurs does not 
seem to be a function of stress or temperature. Because €| can 
net be related in a simple way to the temperature or the stress, 
an average value for becomes meaningful and is given by 
= 0.058 ± 0.020 where the ± term is one standard deviation. 
2. The times t^ and t| at the inflection point do not seem to be 
simple functions of stress or temperature, but both are observed 
to decrease as stress and/or temperature increase. 
3. At higher temperatures and stresses, i.e., when t, is close to 
1 min, the incubation stage almost complete disappears along 
with the physical distinction between an inflection point and 
an initial primary stage slope. 
4. The inflection strain rate increases as temperature and/or 
stress increase. The functional relationshio between è.. stress. 
: 
and temperature is anticipated in equation 5 and this relationship 
will be examined later. 
Table 7 gives the strain rate measurements in the steady-state or 
secondary stage of creep. In addition to the secondary creep rate Eg, 
table 7 also gives the approximate strain (Çg) and time (tg) at which 
the secondary creep rate was measured. Again, some initial observations 
are possible. 
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Table 6. Inflection strain rate data 
BOULE 
TEMP 
TOC 
STRESS 
a(PSI) ê,(min ') <1 t^(min) t|(min) 
1 1000 1600 2.154(10"^) 0.027 22 12 
1 1000 1400 1.250(10"^) 0.080 116 52 
1 1000 1200 4.128(10"^) 0.065 435 277 
1 1070 1200 1.647(10"^) 0.060 127 112 
1 1140 1200 4.746(10"^) 0.067 65 52 
2 1000 1500 1.279(10"^) 0.076 88 28 
2 1070 1500 2.188(10"^) 0.052 59 35 
2 1125 1500 5.027(10'^) 0.032 6 0 
2 1180 1500 8.940(10"^) 0.052 5 0 
2 1230 1500 4.653(10'^) 0.052 2 0 
. 3 1000 1300 1.064(10"^) 0.110 450 345 
3 1070 1300 K307(10"') 0.065 96 45 
3 1140 1300 4.832(10"^) 0.050 18 8 
3 1190 1300 1.99B(IO"^) 0.036 4 0 
3 1240 1300 4.114(10"^) 0.050 1 0 
3 1290 1300 4.941(10"^) 0.034 1 0 
k  1150 1200 2.83S(10"^) 0.050 15 0 
4 1150 1500 6.200(10"^) 0.076 9 0 
4 1150 1800 3.483(10"^) 0.037 4 0 
4 1150 2100 3.700(10"^) 0.066 1 0 
5 1215 1100 8.45Î(10"S 0.052 96 36 
5 1215 1400 9.262(10"^) 0.080 13 6 
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Table ?• Steady state strain rate data 
BOULE 
TEMP 
T°C 
STRESS 
a(PSI) Ggfrnin <2 tgfmin) 
1 1000 1600 1.075(10"^) 0.120 340 
1 1000 1400 2.500(10"^) 0.188 320 
1 1000 120O - - -
1 1070 1200 5.300(10"^) 0.213 290 
1 1140 1200 1.975(10'^) 0.228 315 
2 1000 1500 2.200(10"^) O.I83 300 
2 1070 1500 2.800(10"^) 0.175 400 
2 1125 1500 1.466(10"^) 0.251 113 
2 1180 1500 2.477(10"^) 0.275 64 
2 1230 1500 1.373(10"^) 0.211 10 
3 1000 1300 3.571(10"^) 0.192 575 
3 ;v/v ] 300 it r-rtrt / 1 rt\ -T • 3VV\ 1 V ; 0.197 280 
3 1140 1300 4.306(10"^) 0.280 72 
3 1190 1300 3.330(10"^) 0.250 66 
3 1240 1300 3.360(10"^) 0.280 4o 
3 1290 1300 2.280(10"^) O.I85 34 
4 1150 1200 1.638(10 ) 0.128 150 
4 1150 1500 6.600(10"^) 0.218 127 
4 1150 1800 1.344(10"^) 0.238 80 
4 1150 2100 7.680(10"^) 0.244 15 
5 Î2Î5 1100 2.480(10"^) 0. 166 440 
5 1215 1400 1.440(10"^) 0.235 80 
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1. The amount of strain at steady-state does not seem to be a 
simple function of stress or temperature. An average value of 
^2 would be 0.213 ± 0.045 where the ± term is again one standard 
deviation. 
2. The time tg to steady-state decreases with temperature and/or 
stress. The functional relationship between t^, temperature, 
and stress has not been determined. 
3. The steady-state strain rate êg usually increases as the temper­
ature and/or stress increases. The functional relationship between 
Eg, stress, and temperature will be discussed later. 
Stress and Temperature Dependence 
If the functional relationship between a characteristic strain 
rate . stress I'rr^i . and temoerature «'T^i is adeûuatelv described bv 
ê = f(S) c"exp[-AHc/RT] (5) 
then (n) is found from a least-squares plot of In é versus In a at 
constant temperature and is found from a least-squares plot of 
in I versus i/T°K. at constant stress. 
In a regression analysis, it is important to give not only the 
regression slope (n and A H^/R in the plots mentioned above) but also the 
scatter of the observed dependent variable data points above and below 
the regression line. This variation is usually measured by a quantity 
S , called the standard error of estimate and Is given by^^^) 
y/x 
Vx' (' * (15) 
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where (y) denotes the dependent variable, (x) denotes the independent 
variable, (n) is the number of data points, Sy is the variance in the 
dependent variable, and (r) is the correlation coefficient between (y) 
and (x). The standard error of estimate is used in turn to calculate 
the standard error of the regression slope Sj^ 
'b = (16) 
where is the standard deviation in the independent variable. Finally, 
a 100(!-(%)% confidence interval for the slope of the true or population 
regression line is given by 
^ ^b^^Q:/2, n-z) (17) 
where (b) is the sample regression slope, (a) is the significance level, 
and (tggyg ^_2) is the t distribution value for the appropriate values 
of (a) and (n). 
Figures 8 through 11 graphically represent the linear regression 
analysis performed on the data in table 6. Figures 8 through 10 represent 
least squares determinations of the apparent activation energy for creep 
AH^ at three different stress. Figure 11 represents the least squares 
determination of the stress exponent (n) at two different temperatures^ 
The regression analysis of the data in table 7 has not been graphically 
represented, but it is similar in appearance to that shown for table 6. 
Table 8 summarizes the least squares determinations for the data in both 
tables 6 and 7 when at least 3 data points were available. 
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Figure 8. Temperature dependence of at an 80% confidence 
interval. All the specimens are from boule 1. 
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Figure 6. Tesîperature dependence of at an 80% confidence interval. 
All the specimens are from boule 3. 
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Figure 10, Temperature dependence of at an 80% confidence interval. 
All the specimens are from boule 2. 
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Figure 11, Stress dependence of e, at txfo teaperatures and at 80% 
confidence intervals. '"Speciasas are froc boule 1 (1000 °C) 
and boule 4 (1150 °C). 
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Table 8. Summary of least squares 
at 80% confidence 
determinations for (n) and AH^. 
BOULE (n). 
^1 
(n) • 
^2 c €, c C2 
kcal/mole 
1 5.8 ± 2.8 
@1000°C 
- 62.4 ± 9.0 
@1200 PSI 
-
2 - - 55.7 ± 17.5 
@1500 PSI 
67.7 ±21,1 
@1500 PSI 
3 - - 60.3 ± 12.1 
@1300 PSI 
32.4 ± 18.4 
@1300 PSI 
4 5.1 ± 2.0 
@1150°C 
6.5 ± 1. 
@1150°C 
7 -
5 - - - -
Some general observations are possible on the information contained 
• _ A. t • O 
I  1 1  L O W  : c  v .  
1. The agreement of the three stress exponent determinations suggests 
that the true value of (n) is probably within the range of 5 to 6. 
2. The agreement of the activation energy determinations at the 
inflection suggests that the true value of (AH ). is probably 
C € 1 
! 
close to 60 kcal/mole. 
3. The scatter in the steady-state activation energy determinations 
precludes any generalizations about the true value of (AH ). 
c Cg 
based on linear regression analysis. 
If equation 5 is valid and the values of (n) and AH^ can be considered 
independent of temperature and stress respectively, then all of the inflection 
strain rate observations in table 6 can be combined on a single multiple 
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linear regression plot, i.e.. In versus In a versus 1/T°K.^ The result 
is a regression plane about which the scatter of the dependent variable 
data points is minimized. In addition, a constitutive equation is generated 
which yields not only single best-fit values for (n) and A but also a 
value for f(s) in equation 5. 
Figure 12 represents the multiple linear regression plot of the 22 
inflection strain rate data points. The resulting constitutive equation 
is 
= 1.20(10"'°) exp ^ (18) 
Likewise, Figure 13 represents the multiple linear regression plot of 
the 21 steady-state rate Eg data points and yields the constitutive 
equation 
. 4.17(10-':) * '-B exp 6-4 (19) 
Some observations can be made regarding equations 18 and 19. 
1. The equations show good agreement on the best-fit stress exponent 
value and suggest, therefore, that the true value of (n) at both 
inflection and steady-state is close to 5« 
2r The equations also show good agreement on the best-fit creep 
activation energy and suggest, therefore, that the true value of 
of A at both inflection and steady-state is close to 50 kcal/mole. 
3. The confidence intervals in the inflection expression are somewhat 
improved over those in the steady-state expression. (The confidence 
A similar plot can oe constructed tor the steady-state strain rate 
Eg observations given in table 7. 
-2.0 
--3.0 
ÎO. 4.9 ± 1.3 
} a exp 
6.9 7.0 7.2 7.4 7.6 7.8 8.0 
Figure 12, Multiple linear regrenision determination of stress exponent n 
and apparent activation energy AH^, at 80% confidence using 
all 22 inflection strain rate (êj^) data points. 
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intervals in the linear regression analyses showed the same trend.) 
As discussed previously, deformation maps can be used to identify or 
(22^  
verify the operation of a particular deformation mechanism. To exploit 
the usefulness of a deformation map, it Is first necessary to delineate the 
stress-temperature regime that the experimental creep conditions define. 
Secondly, the constitutive equation generated from the creep data is used 
to construct constant strain-rate contours on the stress-temperature field 
of the map. 
Figure 14 is a deformation map stress-temperature field which shews 
the stress-temperature regime defined by the experimental creep conditions 
of this investigation. Figure 14 also shows constant strain-rate contours 
generated by the constitutive equation for Cj (eq. 18). The constitutive 
equation for (eq. 19) could also have been used to construct constant 
c. : 
Strain rate contours but It is expected that the configuration and position 
of these contours would be similar to those shown in Figure l4. The theo­
retical Implications of Figure 14, with particular reference to Figure 3, 
will be discussed later. 
Table 8 shows good agreement between the (AH ). values obtained 
c 
at several different stresses, it can be seen, however, from the values 
in the table that (AH ). does tend to decrease as the stress Increases, 
c 
though the variation of (&H ). with stress can be considered statistically 
significant only at about the 20% confidence level. Nevertheless, the 
trend should not be ignored and is, therefore, graphically represented in 
Figure 15. Another data point for Figure 15 Is available from the creep 
results of Clauer et as shown în Figure 16. The derivation of the 
new data point, and Figure 16, will be discussed later. 
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Figure 14. Stress-temperature regime of constant strain rate (min 
contours. Contours computed froa multiple linear 
regression expression. 
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Figure 15. Stress dependence of apparent activation energy for 
creep. AH . V* = activation volume and b = Burgers vector = 
4.26 A. ^ 
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The plot in Figure 15 is important because both the slope and Intercept 
of the regression line shown can provide additional information about the 
compressive creep behavior of single-crystal CoO. Some initial observations 
can be made concerning Figure 15-
1. The slope of the regression line (based only on the data points 
from this investigation) is found to be 22.43 cal/PSI. The slope 
can be converted to an activation volume V which, when divided 
by the appropriate Burgers vector (b) cubed, yields a parameter 
( k )  
correlative with possible operative creep mechanisms. • M is 
found to be equal to 22600 fi? which, when divided by a Burgers 
o ( 2 2 )  *  3 
vector equal to 4.26 A, yields V /b = 300. 
2. The intercept of the regression line is found to be 89.4 kcal/mole 
(at zero stress) which is in good agreement with the activation 
(12) 
energy for self-diffusion of oxygen in CoO.^ ' 
If the activation energy for creep in single-crystal CoO depends on 
the applied stress as Figure 15 implies, then the constitutive equations f 
found from multiple linear regression (eqs. 18 and 19) cannot be strictly 
true. Figure 15 suggests a new constitutive equation of the form 
j.  S) exp -39-'> + 2.2MI0-^), ( 20 )  
To determine the f(CT, S) term, it is necessary to transfer the exponential 
term to the left hand side of the equation. When the exponential term 
operates on each of the experimentally observed inflection strain rates in 
table 6, a new list of temperature-compensated strain rates s' is produced. 
See Table 11, Appendix. 
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The temperature-compensated strain rate values tabulated in Table II of 
the appendix predictably do not show an apparent temperature dependence. 
Table II does show that éj is dependent on the stress. The true stress 
dependence of ê| can only be approximated by statistical analysis of the 
data. The functional form of the stress dependence é| is found from 
regression analysis to be best described by the product of a power term 
and an exponential term.' The new constitutive equation thus derived is 
of the form 
_5 1. < -89.4 + 2.24(10-2)0 
= 1.76(10 ^ *)exp[-l.57(10 ^)c'\c BKp RT (21) 
Equation 21 and Table 12 of the Appendix imply that the stress dependence 
of the temperature-compensated strain rate is best described by 
= 1.76(lor36)exp[-1.57(lo"2)a]al6'6 (22) 
The numerical parameters in equation 22 are not given theoretical signif-
icance. 
Figure 17 represents a partial deformation amp based on the new con­
stitutive equation of equation 21. A comparison of Figure 14 and Figure 17 
shows good qualitative agreement between the respective constitutive 
equations (equations 18 and 21) in predicting constant strain rate con­
tours. The theoretical implications of Figure 17 and Figure 14 will be 
discussed later. 
^See Table 12, Appendix. 
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Mîcrostructural Observations 
Microstructural examination of polished as-grown CoO creep specimens 
revealed the presence of second phase Co^O^ precipitates (Figure l8a). 
Microstructural examination of polished annealed specimens revealed the 
presence of less numerous but larger Co^O^ precipitates (Figure l8c). 
To establish that the creep specimens were in fact single phase at all 
creep temperatures, and as-grown creep specimen was held at the lowest 
expected creep temperature (1000°C) for 12 hours and then quenched to 
room temperature. Microstructural examination of the quenched specimen 
revealed the presence of much smaller but more numerous Co^O^ precipates 
(Figure l8b). This indicated that the larger as-grown precipitates had 
completely dissolved in 12 hours at 1000°C. Figure 18 and 18b are actually 
opposing faces of the same specimen cut in half, one-half as-grown and 
the otherhalf annealed and quenched as described above. 
!n addition to randomly distributed Co^O^ precipitates in the CoO 
crystals, some préférantiaî precipitation on apparent subgrain boundaries 
was observed. Preferential precipitation, however, was not frequent 
enough to be considered a reliable indicator of the presence of 
subgrain boundaries. 
Figure l8d shows a partial cross-section of an annealed specimen. 
The single-phase surface layer, about 120 microns in thickness, suggests 
a compositional gradient of (x) in Co,_^0. All the annealed specimens 
showed a single-phase surface layer of comparable thickness. This observed 
apparent gradient in (x) is not consistent with the rapid equilibration 
In o 
kinetics observed by other investigators for single-crystal CoO. 
The 120 micron surface layer thickness does approximately correspond to 
Figure 18. Microstructure of CoO single crystals. Picture size reduced 87% 
a) As-grown CoO crystal. 4 to 9 micron diameter Co_0, 
precipitates present. (1000 X) 
b) As-grown CoO crystal annealed for 12 hours at 1000°C and 
then quenched. 1 to 3 micron diameter Co-0^ precipitates 
present. (1000 X) 
C l  orown a m n A a l a H  f M  ZjlX k/-\,, 1 ?» -*<4 
P(0_) = 10"3 atm. 5 to 15 micron diameter Co,0, precipitates 
present. (1000 X). 
d) Crystal in (c) shown again at 120 X. 200 micron thick single-
phase layer shown at crystal edge. 
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the distance an oxygen atom would be expected to move in 48 hours to 
1350°C given an activation energy for oxygen diffusion in CoO of 
95 kcal/mole.^ 
Figure 19 summarizes the important microstructural features revealed 
by etching. Figure 19a is a typical etch-pit pattern on a polished 
(100) face of an uncrept specimen etched in concentrated HF at room 
temperature for 5 minutes.The very large pits are actually CoyO^ 
precipitate areas. The etching revealed randomly distributed dislocations 
as well as dislocations apparently associated with the Co^O^ precipitates. 
The etching did not reveal the presence of a systematic substructure in 
the uncrept CoO material. 
Figure 19b is an etch-pit pattern on a polished (100) face of a 
crept specimen. Etch patterns on crept specimen surfaces typically revealed 
substructure formation as well as an apparent decrease in the number of 
randomly distributed dislocations. The substructure revealed was not 
always reproducible from one specimen to the next. This lack of reproduci­
bility presumably is an indication that the etched surface was not always 
exactly a (100) plane. No correlation could be established between 
substructure density and the applied stress. 
Creep Specimen Morphology 
All deformation in the CoO creep specimens was induced by applying 
the load to the specimen through rigidly aligned loading rams (see 
Figure 6). The loading rams inhibited creep deformation near the 
specimen ends and also constrained the specimen from lateral motion. The 
post-creep specimen morphology, therefore, showed a barreling tendency 
Figure 19. (100) surfaces of CoO specimen etched 5 minutes in concentrated 
hydroflouric acid at 25°C. Edges of pictures correspond to 
(100) directions. (600 X) 
a) Uncrept specimen. No substructure apparent from etch pit 
pattern. 
b) Specimen crept to about 20% strain at lOOO^C and 1200 PSÏ; 
Substructure defined along (110) directions. 
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where most of the creep deformation occurred in the central portion of 
the specimen length and very little occurred near the specimen ends. 
Barreling in the compressive creep specimens was characteristic and has 
also been observed by other investigators.Figure 20a and 20b 
show typical post-creep specimen morphology. The creep behavior shown 
in Figure 20a and 20b, where barreling occurred in one direction but 
was not apparent in the other, was consistently observed. A small 
dimensional increase was observed, however, in the nonbarreling direction 
of each specimen. 
Figure 20c shows typical post-creep specimen morphology when 
the lateral motion constraint was removed by placing two sapphire rod 
rollers between the lower alumina loading ram and the SiC platen on which 
the specimen rested. No barreling is apparent but Figure 20c does show 
a slip band resulting from slip in a direction and on a plane, both of 
side view of the specimen in 20c. The portion of the specimen where the 
slip bands have exited is very evident. 
The relationship between the method of loading and the strain-time 
response of the specimen is shown in Figure 21. If the specimen was 
constrained from ïateral motion as shown in Figure 2îb, then a characteristic 
S-type creep curve was generated. !f the specimen was allowed lateral motion, 
then the primary and secondary stages of creep either disappeared completely, 
or the primary stage commenced at a significantly higher strain level 
followed by the secondary stage. Table 9 shows the inflection strain rate 
data obtained from five experiments conducted to study the effect of the 
Figure 20. Creep specimen morphology as a function of loading system 
(10 X) 
a) Resultant barrelling when specimen ends are rigidly 
constrained by loading rams. 
b) Side view of specimen in (a). 
c) Resultant slip band when specimen bottom is placed on 
rollers to allow laterial motion during creep. 
d) Side view of specimen in (c). 

TIME (f) 
Figure 21. Creep response and specimen morphology as a function of 
loading syiitem. (a) With sapphire rod rollers, (b) Without rollers. 
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loading system on the creep response. Table 10 shows the corresponding 
steady -state data. 
Table 9. Comparative study of the effect of 
inflection creep response 
loading system on the 
BOULE 
TEMP 
(TOC) 
STRESS 
(PSI) €^(min"') <1 t^(min) t|(min) 
6 1100 1200 4.68(10"3) 0.038 15 6 
6 1100 1200 4.52(10"^) 0.040 18 11 
6® 1100 1200 2.62(10"^) 0.065 68 
6^ 1100 1200 1.92(10"^) 0.060 31 
6® 1100 1200 3.46(10"3) 0.120 72 37 
a 
With rollers. 
Table 10. Comparative study of the effect of loading system on the 
steady-state creep response 
BOULE 
TEMP 
ere) 
STRESS 
(PSI) <2 \ • •• / = 2 Ug V"' 
6 1100 1200 7.20(10"^) 0.197 105 
6 1100 1200 1.25(10"^) 0.128 142 
6® 1100 1200 - - -
6® 1100 1200 - - -
6% ilOO 1200 2.55(10"^) 0.193 162 
^Wîth rollers. 
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Discussion of Results 
The apparent activation energy for high temperature creep of binary 
oxides can often be correlated with the activation energy for self-
diffusion of one of the atomic species. Although the creep activation 
energy usually refers to steady-state creep, it may also refer to the 
strain rate at the inflection point separating the incubation stage 
from the primary stage. 
The creep results of this investigation suggest that the true apparent 
activation energy for compressive creep of CoO in air lies somewhere in 
the range of 50 to 60 kcal/mole, both during steady-state creep and at 
the inflection point. The activation energies for the self-diffusion 
of cobalt and oxygen in CoO at PfOg) = 0.21 have been previously determined 
t o  b e  a b o u t  3 8  k c a l / m o l e  a n d  9 5  k c a l / m o l e  r e s p e c t i v e l y . T h e  
intermediate activation energy values obtained for creep in this investi­
gation suggest first, that the diffusion of oxygen atoms is rate-limiting 
in the creep of CoO and second, that the diffusion of oxygen during the 
creep process is an enhanced diffusion. 
The mode of oxygen enhanced diffusion can only be speculated upon 
at this point. Enhanced grain-boundary diffusion for the ionic specie with 
tne lower :att: ce dîffuSivîty has been reported by Gupta and Cobls^^^^, 
Dislocation core diffusion is also a possible mode of enhanced oxygen diffusion. 
If boundary-enhanced oxygen diffusion is occurring, it is probably 
more prevalent in the steady-state region of creep, it is generally 
fLn^ 
agreed*' "' that sub-boundary formation during creep, if it occurs, takes 
place during the primary stage of creep and achieves an equilibrium 
configuration with respect to the lattice during the steady-state region. 
Figure 19b is 
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evidence that sub-boundary formation does take place during the post-
incubation stage of creep in CoO. 
At the point of inflection where the primary stage of creep commences, 
a substructure corresponding to that shown in Figure 19b is less likely. 
The apparent enhanced diffusion of oxygen at the inflection, when the 
number of mobil gliding dislocations has reached a maximum, could 
possibly be attributed to dislocation core diffusion associated with 
the already diffusion-controlled motion of the gliding dislocations. 
The stress dependence of a characteristic creep rate may be correlated 
with possible creep mechanisms. The results of this investigation suggest 
that the true value of the stress exponent (n) is approximately 5 for both 
the steady-state region and the inflection point. 
It is generally agreed^^^^ that steady-state creep is the result of 
an equilibrium balance between work hardening processes and recovery processes, 
a Pi  V I  ciiSw u i  l O c w  Oi c  w c i s j i Y Ci Gop i  CO Pi c i O i i O ^  k/ y cue PSuê Oi r^COVcTy* 
Recovery processes often involve a cooperative glide and climb motion of 
dislocations. Either the glide process or the climb process may be rate-
1imiting. 
A stress exponent value of 5 suggests that the rate-limiting process 
in CoO during steady-state creep is dislocation climb (see Table 3). A 
stress exponent value of 5 suggests also that the rate-limiting process 
during inflection creep of CoO may be the nonconservative motion of jogged 
screw dislocations. Both of these rate-limiting processes are diffusion-
controlled, and both diffusion-controlled processes may involve 
an enhanced motion of oxygen along sub-boundaries and/or dis­
location cores. It is not suggested here that the relative degree of 
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enhancement is comparable in both cases. The comparable activation 
energies obtained for both inflection and steady-state creep, however, pre­
clude any quantitative distinctions between the enhancement processes. 
The values obtained for (n) and A in this investigation are in 
fair agreement with the values obtained by Clauer et al. and Krishnamachari 
and -Jones (see Table 2). There are at least two reasons why the results 
of all three investigations are not in better agreement. 
1. Krishnamachari and Jones assumed a value for (p) of unity (see 
Figure 7)• This assumption produced a discrepancy (increasing 
with strain) between the actual creep specimen stress and the 
assumed stress that reached values as high as 400 to 500 PSI. This 
discrepancy would tend to lower the least squares estimate of (n). The 
effect of the discrepancy on the determination is not known. 
2. Clauer et al. reported two least squares estimates of Abased 
on 3 data points showing considerable scatter about their respective 
regression lines. The values shown in Table 2, based on an analysis 
of their reported raw data, are actually 3% confidaice level values. 
At 8G^o confidence, the reported values would have been 
-2 
iOO ± 73.7 kcal/mole (1 atm Og) and 87 ± 25.9 kcal/moie (10 atm O2). 
Additional data points were generated by Clauer et al. for the 
above mentioned plots (1 data point for the first and 2 data 
points for the second respectively) but they were not used because 
they came from different boules. !f these additional 3 data points 
had been used, the reported values at 8C% confidence would have 
been 76.6 ± 32.2 kcal/mole and 61.5 ± 15.7 kcal/mole respectively. 
A value for A at PfOg) = 0.21 would be (assuming as Clauer et ai» 
do that k = f(ff,T,S) P(02)"') 68.4 ± 16.1 kcal/mole. 
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The results of this investigation suggest that (AH ). may be stress 
c c, 
dependent. Figure 15 indicates that as the applied stress increases, 
A decreases. It has been observedthat the substructure density 
during primary and secondary creep increases with stress. If enhanced 
oxygen diffusion is rate-limiting, the amount of enhancement would be 
expected to increase as the substructure (sub-boundaries, number of 
dislocations, etc.) density increases, thus lowering AH^. 
The variation of with stress can be expressed in terms of a 
parameter called the activation volume V . When V" is divided by the 
appropriate Burgers vector cubed, another parameter is obtained which can 
(41) 
be correlated with varioas activation processes. The appropriate 
Burgers vector was assumed to be approximated by the unit cell length 
O Vc ? 
of 4.26 A. The resultant value of V /b was found to be about 300. This 
(41) 
number can be correlated with three activation processes.^ 
t* I V « : » 
2. Nonconservative jog motion 
3- Conservative jog motion 
" 3 Correlation of V /b with nonconservative jog motion is consistent with 
the correlations established earlier for the stress exponent (n) and 
Aat the inflection. 
It is not obvious that the glide motion of screw dislocations can 
account for the post-creep specimen morphology shown in Figure 20c and 20d. 
Climb recovered glide of edge dislocations would better explain the 
observed macroscopic creep response (slip bond formation and accompanying 
offsets) and would also be consistent with the observed values for (n) and 
A at the inflection point. 
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Climb recovered creep at the inflection would suggest (in agreement 
with Clauer et al.) that substructural details similar to those found in 
the secondary stage are already present at the inflection point. Climb 
recovered inflection creep would also suggest that refinements in the 
inflection activation volume V determination (which seems to be correla­
tive with the nonconservative motion of jogged screw dislocations) are 
needed to provide a satisfactory agreement with the experimental obser­
vations (Figure 20). 
As stated earlier, the intercept of the regression line in Figure 15 
agrees very well with the activation energy for lattice self-diffusion of 
oxygen in CoO. The agreement supports the hypothesis that a stress-
dependent substructure, conducive to enhanced oxygen diffusion, develops 
during the compressive creep of single-crystal CoO. A widely different 
intercept would tend to prove the statistical insignificance of the 
observed variation of ô "ÎlI-i stress. 
Clauer et al. postulated the fn0}(]10) slip system in CoO based on 
the examination of a creep specimen that had accidently sheared due to 
misalignment of the specimen ends with the loading rams. Krishnamachari 
and Jones postulated the {110](110) slip system based on observed acci­
dental slip activity promoted by non-rigidly aligned loading rams. Exami­
nation of the post-creep morphology of those specimens in the present 
investigation which were not laterally constrained confirms that {110} 
<110) is the active slip system (Figure 20c). The post-creep specimen 
morphology shown in Figure 20c in turn suggests the cooperative slip on 
tv-o orthogonal (!IO)[liOj slip systems in the laterally constrained speci­
men of Figure 20a. 
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The constant strain rate contours shown in Figure 14 and Figure 17 
are consistent with the expanded dislocation-creep field shown in 
Figure 3- As stated earlier, the contours are expected to be accurate 
only within limited extensions of the stress-temperature regime defined 
by the experimental creep conditions. 
Equations 18 and 19 (the constitutive equations used in Figures ik 
and 17 respectively) can be compared according to their ability to fit 
the data. Equation 18 can, for instance, be used to calculate strain 
rates for the temperature and stress conditions given in Table 6, and the 
calculated strain rates can be compared with the corresponding experi­
mentally observed values. The sum of the absolute value of the difference 
yields 
S1(€I-C^)1I8 = 0.139(min"') (23) 
\  Cl io ociai i i  toco ai ic i  t sjot ivcoa oywo cts^M i  w # 
Equation 21 correspondingly yields 
Si(Ci-C^)i2i = 0.108(min'-) (24) 
The better agreement demonstrated by equation 21 provides additional evi­
dence that ^ : S â function of Stress. 
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CONCLUSIONS 
1. Creep in CoO results from diffusion-controlled dislocation motion and 
is rate-limited by enhanced oxygen diffusion. 
2. CoO single crystals uniaxially compressed along the [100] direction 
at high temperature deform by slip on two orthogonal {110} (110) slip 
systems. 
3. CoO single crystals exhibited S-type creep. At higher stress and/or 
temperatures, the S-type behavior disappeared and only the primary 
and secondary stages were observed. 
4. The activation energy for creep at both the inflection and at steady 
state was found to be about 50 to 60 kcal/mole. 
5. The stress exponent was found to be about 5 at both the inflection and 
at steady-state. The stress dependence of both €i and could there­
fore be correlated with climb recovery mechanisms. . 
6. The activation volume parameter (v'/b") was found to be about 300 at 
the Inflection. This value is correlative with nonconservative motion 
of jogged screw dislocations. 
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APPENDIX 
Table 11. Temperature compensated strain rate è| 
BOULE TEMP T°C STRESS a(PSI) è] X lO"^ 
1 1000 1600 3.280 
1 1000 1400 11.21 
1 1000 1200 21.82 
1 1070 1200 24.03 
1 1140 1200 21.72 
2 1000 1500 4.727 
2 1070 1500 2.565 
2 1125 1500 2.591 
2 1180 1500 2.157 
2 1230 1500 5.906 
3 1000 1300 23.17 
3 1070 '300 8,230 
3 1140 1300 9.949 
3 1190 1300 19.77 
3 1240 1300 20.53 
3 1290 1300 12.99 
4 1150 1200 11.11 
4 1150 1500 2.247 
4 1150 1800 1.168 
4 1150 2100 0.1111 
5 
5 
1215 
1215 
1100 
1400 
2.692 
3.030 
Table 12. Stress dependence of temperature compensated strain rate 
STRESS DEPENDENCE FUNCTION CORRELATloN^(?2) ESTIMATE 
é| == Aa" 0.67067 0.75886 
ê, := Aexp(ba) 0.71447 0.70660 
é| := Aexp(ba)a" 0.75534 0.67107 
